Holocene paleoclimate records from Greenland help us understand the response of the Greenland Ice Sheet and regional oceanic and atmospheric circulation systems to natural climate variability in order to place recent changes in a longer-term perspective. Here biogeochemical analysis of a lake sediment core from southeast Greenland is used to define changes in moisture balance and runoff during the Holocene in a catchment near the margin of the Greenland Ice Sheet. A 1.6 m sediment core that spans the last 8.8 ka was recovered from Flower Valley Lake on Ammassalik Island. Magnetic susceptibility, diatoms, bulk biogeochemical properties (TOC, C/N, 13 C org ), and lipid biomarkers (n-alkanes; C 16 -C 31 ) reveal changes in clastic sedimentation and the relative input of terrestrial-and aquatic-derived organic matter. Hydrogen isotope values ( D) of mid-(n-C 25 ) and long-chain (n-C 29 , n-C 31 ) n-alkanes allow reconstruction of D of precipitation and summertime evaporation of lake water. Following a period of early lake ontogeny and landscape stabilization after deglaciation from 8.4 to 7.0 ka, the mid Holocene, 8.4-4.1 ka, is characterized by greater evaporative enrichment of the lake water as indicated by D records. After 4.1 ka, there is a decrease in evaporative enrichment of the lake water. There is also an abrupt transition to more variable sedimentation marked by sharp increases in magnetic susceptibility, C/N, 13 C org , and the concentration of long-chain n-alkanes, showing periodic delivery of terrestrial organic matter and clastic sediment to the lake. Higher insolation during the mid Holocene resulted in a warmer and drier climate with longer ice-free periods in the summer and enhanced evaporation of lake water. The reduction in insolation and colder temperatures during the late Holocene caused a reduction in evaporation of lake water over the last 4.1 ka and was accompanied by periodic increases in surface runoff, which correspond with intervals of cold Greenland Ice Sheet surface temperatures.
Introduction
The Arctic is currently undergoing dramatic environmental changes. These are reflected in the hydrologic cycle (Peterson et al., 2002; Rawlins et al., 2010) , sea-ice extent (Stroeve et al., 2007) , oceanic circulation (Morison et al., 2012; Polyakov et al., 2005) , glacier retreat (Gardner et al., 2011) , and the changing dynamics of the Greenland Ice Sheet (Howat et al., 2007; Luthcke et al., 2006; Rignot and Kanagaratnam, 2006) . To assess the severity of these observed changes and evaluate the future response of these systems, it is necessary to place recent conditions into a longer-term context. Long-term climate observations from the Arctic are limited, therefore geologic records from marine and terrestrial environments must be used to understand the natural variability of these systems (e.g. Funder et al., 2011a; Kaufman et al., 2004 Kaufman et al., , 2009 Kinnard et al., 2011; Miller et al., 2010; Spielhagen et al., 2011; Vinther et al., 2009) .
Our understanding of climate around Greenland is important because of the potential contribution of the ice sheet to future sealevel rise and because of the influence of ocean and atmospheric circulation systems, which have a role in regulating regional climate and have interactions at the ice sheet margins. Greenland has also been experiencing unprecedented recent melting (Chen et al., 2006) , making an understanding of regional climate dynamics even more important. This study focuses on Holocene climate conditions of southeast Greenland. At the southeast Greenland shelf the East Greenland Current interacts with the Irminger Current ( Figure 1 ). The southward flowing East Greenland Current transports cold fresh water along the Greenland margin and is a major pathway for sea-ice export from the Arctic Ocean. The Irminger Current flows northwest carrying warm saline subtropical water to the region and is a branch of the North Atlantic Current. Today, these subtropical waters extend into fjords along the coast of southeast Greenland, and an increase in heat exchange via this current system is a proposed mechanism for the recent acceleration in the retreat of the region's fjord glaciers (Seale et al., 2011; Straneo et al., 2010) .
The Holocene climate history of the region is marked initially by the retreat of the ice sheet from the southeast Greenland continental shelf. The ice sheet continued to retreat behind its present margins during the Holocene Thermal Maximum, c. 8-5 ka BP, and then began re-advancing during the Neoglacial, with a maximum 493938H OL231010.1177 /0959683 613493938The HoloceneBalascio et al. 2013 1 extent during the late 1800s to early 1900s (Funder et al., 2011b) . Changes in ocean dynamics during the Holocene are documented by marine records from the southeast Greenland shelf, which provide evidence for oceanographic changes during the Holocene thermal maximum and Neoglacial period (e.g. Andersen et al., 2004; Andrews et al., 1997; Jennings et al., 2002 Jennings et al., , 2011 . However, there is little information about terrestrial environmental conditions from the region. The goal of this study is to reconstruct terrestrial climate conditions during the Holocene using a lake sediment record from the coast of southeast Greenland. We focus on the organic matter characteristics of the sediment, including results from the analysis of aquatic microfossils, bulk biogeochemical properties (TOC, C/N, δ 13 C), and the concentrations and hydrogen isotopic composition of sedimentary leaf waxes (n-alkanes). These parameters provide information on lake ontogeny following deglaciation, changes in the source and delivery of organic matter to the lake, and hydrologic changes related to oceanic and atmospheric dynamics during the Holocene.
Organic and biogeochemical analysis of lake sediments
Organic matter in lakes derive from terrestrial and aquatic sources and can be used to reconstruct changes in landscape vegetation, aquatic productivity, and the relative input from autochthonous and allochthonous sources (Meyers, 2003) . Rapid, high-resolution organic geochemical characteristics of a sediment sequence can be assessed by measuring bulk organic matter properties such as, total organic carbon (TOC), total nitrogen (TN), and the carbon isotopic composition of organic carbon (δ 13 C), which provide information on changes in primary productivity and relative contributions of aquatic-and terrestrial-derived organic matter (Meyers, 2003) Aquatic microfossils are another useful component of sedimentary organic matter that can be used to investigate lacustrine paleoenvironmental conditions. In this study, we identify changes in the concentration and relative abundance of planktonic and benthic diatom species. Downcore diatom assemblages are used to assess changes in lake water pH, temperature, and nutrient availability (Smol and Stoermer, 2010) . In the Arctic, freshwater diatom assemblages are used to track changing ice cover regimes (Douglas et al., 1994; Perren et al., 2012b) , Holocene lake development and evolution (Fritz et al., 2004; Wilson et al., 2012) , as well the in-lake response to changing effective moisture (Perren et al., 2012a) .
Greater detail about sedimentary organic matter in lakes can be gained through the analysis of lipid biomarkers (Castañeda and Schouten, 2011) . Here we focus on the analysis of n-alkanes, aliphatic hydrocarbons that are stable at low temperatures and resistant to microbial degradation (Meyers, 2003) . They are produced by algae, photosynthetic bacteria, and aquatic plants living in the lake, as well as terrestrial plants living in the catchment (Meyers, 2003) . Long-chain n-alkanes tend to dominate terrestrial leaf waxes, short-chain n-alkanes are more characteristic of algae, and mid-chain length n-alkanes are characteristic of aquatic macrophytes (Cranwell et al., 1987; Eglinton and Hamilton, 1967; Ficken et al., 2000; Hou et al., 2006; Meyers, 2003) .
The hydrogen isotopic composition (D/H; δD using the delta notation) of leaf wax n-alkanes reflects the D/H of source water used by a plant after modification by evaporation and biosynthetic fractionation (Kahmen et al., 2013a,b; Sachse et al., 2004 Sachse et al., , 2012 , and can therefore be a powerful tool for paleohydrologic reconstruction. The movement of water through the hydrologic cycle (Dansgaard, 1964) , as well as regional and seasonal climatological conditions (Bowen and Revenaugh, 2003) , results in the stable isotopes (D/H and 18 O/ 16 O) of local precipitation. Algae and macrophytes incorporate hydrogen from lake water while terrestrial plants use hydrogen from soil moisture; both water sources are ultimately derived from local precipitation. Therefore, δD of different n-alkanes can be used to reconstruct the climatic factors controlling the isotopic composition of lake water and precipitation through time.
Study area
Flower Valley Lake (65°36.64′N 37°41.61′W; 73 m a.s.l.; 0.7 km 2 ) is located 2.5 km southwest from the town of Tasiilaq on Ammassalik Island, southeast Greenland (Figure 1 ). It is immediately downvalley of an east-facing cirque that contains a smaller lake. The main inlet is on the southern edge of the lake where there is a prominent alluvial fan. The lake is deepest near its western side and is shallower near the outlet at the eastern edge. There is no glacier ice in the catchment today, although glaciers are present in the valley just north of the lake where peak elevations are higher. Southeast Greenland is within the Low Arctic 
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The Holocene 23(10) vegetation zone (Walker et al., 2005) . Modern vegetation in the area consists mainly of dwarf shrubs, sedge, herbs, moss, and grasses (Daniëls et al., 2011) .
Weather station data from Tasiilaq, recorded since AD 1895, shows that monthly average temperatures range from −7°C in winter to 6°C in summer and average annual precipitation is 870 mm ( Figure 2) (Cappelen et al., 2011) . The range of modern precipitation isotopes for the region can be estimated by examining data from stations participating in the Global Network of Isotopes in Precipitation (GNIP) (IAEA/ WMO, 2006) . The two closest GNIP stations, Prins Christians Sund (60.03°N 43.12°W, 76 m a.s.l.) and Groennedal (61.22°N 48.12°W, 27 m a.s.l.), are located along the coast of southern Greenland and experience similar climate conditions (Figure 1) . δD values measured on samples from the Prins Christians Sund station ranged from −47 to −86‰ between March and November, however the data set is discontinuous and only incorporates two years of measurements, 1976 and 1978. δD measurements from the Groennedal station were more continuous, 1962-1967 and 1972-1974 , and values ranged from −42 to −134‰. Surface water samples collected during July 2012 from four lakes in the region, including from Flower Valley Lake, show a δD range from −96 to −117‰ (Table 1) .
Methods

Sediment core collection and sampling
Sediment cores were extracted from Flower Valley Lake (FVL) in April 2010 when the lake was ice covered. Bathymetric measurements were made manually through holes drilled in the ice and sediment cores were recovered from the deepest location, which has a water depth of 27 m. A 30 cm surface core, FVL-10D, and a 159 cm percussion core, FVL-10N were collected. The surface core was extruded in the field into sample bags. The upper 15 cm of FVL-10D was sampled at 0.5 cm intervals and the lower 15 cm was sampled at 1 cm intervals. In the laboratory, sediment from FVL-10D was subsampled for 210 Pb and bulk biogeochemical analysis. FVL-10N was split, scanned every 0.5 cm using a Bartington MS2E magnetic susceptibility sensor, sampled for radiocarbon analysis, and then sampled every 1 cm for biogeochemical measurements. The 159 cm composite record was created by aligning bulk organic geochemical data collected on samples from both cores, which show changes associated with a prominent turbidite layer.
Chronology
The chronology for the record was determined based on 210 Pb analysis of the upper sediments and AMS radiocarbon measurements on plant macrofossils. The 210 Pb activity was measured on 0.5-0.7 g of dry sediment taken at 1 cm intervals from the upper 10 cm of the record by Flett Research Ltd. (Winnipeg, Canada) ( Table 2 ). Ten AMS radiocarbon samples were picked from the core surface or wet sieved with deionized water. All radiocarbon ages were calibrated to calendar years using CALIB v. 6.0 (Stuiver and Reimer, 1993) with the IntCal09 calibration data set (Reimer et al., 2009) . Ages are presented in calendar years prior to AD 1950 (BP) unless otherwise indicated. An age-depth model using all of the chronologic information was created in R (R Development Core Team, 2011) using the Clam routine (Blaauw, 2010) . Smooth spline functions, weighted by the probability distributions of the calibrated age ranges, were fitted to the ages and the best-fit function is presented and 95% confidence age ranges are discussed (Blaauw, 2010) .
Diatom analysis
Diatom assemblages were analyzed from 32 samples taken every 5 cm from core FVL-10N. Sediments were prepared from freezedried material following standard oxidative procedures using H 2 O 2 (Renberg, 1990) . Divinylbenzene (DVB) spheres of a known quantity were added to the resultant slurries to estimate sedimentary diatom concentration (Battarbee and Kneen, 1982) . Slides were prepared using Naphrax mounting medium and diatom valves were identified and enumerated using light microscopy at 1000× under oil immersion. At least 350 valves were identified and counted from each interval. Principal component analysis (PCA) was performed on centered percentage assemblage data. PCA was chosen because the species assemblages over time were relatively stable and thus had a detrended correspondence analysis gradient length less than 2.
Bulk organic geochemical analysis
Bulk organic geochemical analysis was performed on all sampled depth intervals from both cores. Subsamples were freezedried, acidified with 10% hydrochloric acid, and analyzed for total organic carbon (TOC), total nitrogen (TN), and δ 13 C on a Costech ECS 410 Elemental Analyzer interfaced with a Thermo Delta V Advantage IRMS. Isotopic values are reported in per mille (‰) notation relative to VPDB for δ 13 C. Uncertainty in TOC and TN, measurements are ±0.2% and ±0.3‰ for δ 13 C based on triplicate analysis. C/N values were calculated as the molar ratio of TOC to TN. 
Sedimentary n-alkanes
Lipid biomarkers were analyzed in 2 cm thick samples taken every 10 cm from core FVL-10N. Lipids were extracted from ground and freeze-dried samples with 9:1 (v:v) dichloromethane:methanol using a Dionex Accelerated Solvent Extractor (ASE 200). The total lipid extract was separated using flash column chromatography over silica gel. Approximately 0.75 g of silica gel (70-230 mesh) was packed in a Pasteur pipette and pre-cleaned with 4 bed volumes each of methanol, dichloromethane, and hexane (Optima grade, Fisher Scientific). TLE was loaded with hexane onto hexane-saturated columns and eluted with 4 bed volumes each of hexane, dichloromethane and methanol. The first fraction (hexane eluent) was evaporated and brought up in toluene with heptatriacontane as internal standard and transferred to a GC vials for quantification of n-alkanes (C 15 -C 33 ) on an Agilent 6890N gas chromatograph-flame ionization detector (GC-FID) and identification of n-alkanes in representative samples on an HP6890 GC-mass selective detector (MSD). Average chain length (ACL) was determined using the formula 
where C x is µg/g sediment of the n-alkane with x carbon atoms. Carbon Preference Index (CPI) was calculated using the formula 1  2   21  23  25  27  29  31  33   22  24  26  28  30  32  3 34   21  23  25  27  29  31  33   20  22  24  26  28 30 32
The hydrogen isotope composition of n-alkanes is reported as per mil relative to VSMOW using standard δ notation:
δD values of n-alkanes (C 25 -C 31 ) were measured at the Stable Isotope Lab at LDEO on a Thermo Delta V isotope ratio mass spectrometer (irMS) coupled to a Thermo Trace GC via a ConFlo IV interface. Samples were measured in duplicate, triplicate or quadruplicate and precision of replicate analyses was typically better than ±1.5‰ (1σ). Analytical precision of an external standard measured after every sixth sample injection throughout the course of analysis was better than ± 3‰ (1σ). Single-point anchoring with reference H 2 gas was used to convert raw δD measurements to the VSMOW scale. A laboratory standard (lipid mixture) calibrated to a lipid mixture with known δD (F8; Arndt Schimmelmann, Indiana University) and measured after every sixth injection and used to determine δD of reference H 2 .
Results and discussion
Sediment stratigraphy and chronology
The 159 cm long sediment record from Flower Valley Lake consists of three main lithostratigraphic units ( Figure 3 ). The lowest The age-depth model is based on a smooth spline function fitted using the Clam routine (Blaauw, 2010) . The 2 calibrated age ranges are indicated by error bars on the radiocarbon dates. Pb-based age (AD 1850).
(1)
(3)
1432
The Holocene 23 (10) 7 cm is a light gray clay that abruptly transitions into brown organic-rich sediment, which extends from 152 to 89 cm. Above 89 cm, the sediment is a lighter brown color with some darker color bands and layers containing coarse sediment. This upper unit also contains a large mass-movement deposit from 53 to 19.5 cm, characterized by a basal sandy layer with abundant terrestrial macrofossils that fines upward into a 1 cm thick clay layer at 19.5 cm. These general stratigraphic characteristics are reflected in magnetic susceptibility, where higher values reflect coarse minerogenic sediment (Figure 3 ). There is a distinct transition from low magnetic susceptibility values from 149 to 89 cm to higher and more variable values over the upper 89 cm. These data and 14 C dates within the unit clearly define a turbidite deposit from 53 to 19.5 cm.
A chronology for the record was established using 210 Pb analysis and AMS radiocarbon measurements (Tables 2, 3 ). 210 Pb analysis of the upper 10 cm showed that the total 210 Pb activity declined rapidly from 14.7 dpm/g to below detection limits (<1 dpm/g) at 3.5 cm (Table 3 ). This indicates that there is little, if any, supported 210 Pb activity in the sediments and that the last 160 years of sedimentation occurred within the upper 3.5 cm, assuming zero 210 Pb activity is reached after 7 half-lives of 22.3 years. Ten radiocarbon ages define the rest of the age-depth relationship and were used to develop the age-depth model (Table 2; Figure  3 ). Smooth spline functions were fitted to ages above and below the turbidite layer. The record spans the last 8.8 ka and the 95% uncertainty ranges for the smooth spline functions average ±0.16 ka. The average sedimentation rate is 0.018 cm/yr (55 yr/cm). The transition from clay to organic-rich sediment at 152 cm occurred at 8.4 ka and the interval with low magnetic susceptibility occurred from 8.4 to 3.9 ka. The last 3.9 ka was marked by more variable sediment characteristics, higher magnetic susceptibility values, and includes the turbidite deposit. Two radiocarbon ages within the turbidite further support the interpretation that this was a rapidly deposited interval, but that normal sedimentation resumed after 1.8 ka.
Diatoms
We identified 140 diatom species that are all similar to those identified in other freshwater lakes in Greenland with circumneutral pH (Figure 4) . The PCA axis 1 explains 45% of the variance in the assemblage data. The earliest part of the record, from 8.8 to 7.0 ka, is dominated by small benthic species, including Fragilaria brevistriata, Fragilaria pseudoconstruens, and Fragilaria pinnata. There is a rapid transition after 7 ka to more planktonic forms, with an increase in the abundance of Aulacoseira lirata, Cyclotella stelligera, and Cyclotella rossii complex. There are only minor variations in species abundances after 7 ka, although there is a negative trend in relative frequency of Fragilaria brevistriata and the PCA axis 1, particularly after 3.8 ka. Diatom assemblages reflect limnic conditions associated with lake water pH, temperature, and nutrient availability, which change through time due to lake ontogeny and climatic influences (Smol and Stoermer, 2010) . In Flower Valley Lake, the early establishment of small benthic diatoms (8.8-7.0 ka) is typical of lakes in recently deglaciated landscapes with poorly developed soil cover and higher pH. The increase in planktonic species after 7 ka follows initial landscape stabilization and decrease of inorganic sedimentation. The trend in benthic diatoms and PCA axis 1 over the last 7 ka are likely a response to a gradual decline in lake water pH owing to the greater input of dissolved inorganic carbon from progressive soil development in the catchment.
Bulk organic geochemical analysis TOC, C/N, and δ 13 C results provide a high resolution record of changes in organic matter characteristics ( Figure 5 ). The average TOC content is 3.1% with a range from 0.2% to 5.5%. There are significant changes in TOC at the base of the record with increasing values from 8.8 ka to 8.0 ka. There is a period of sustained below average values from 7.9 to 7.6 ka followed by an interval, from 7.5 to 4.1 ka, when TOC displays only minor fluctuations. From 4.1 ka to present, there are high amplitude variations in TOC. C/N averages 13 and values from 8.7 to 4.1 ka are generally below average, followed by more variability and sharp increases up to 20 after 4.1 ka. δ 13 C values show an overall decreasing trend across the record from −25‰ to −29‰, superimposed by lower amplitude (~1‰) centennial-scale variability prior to 4.1 ka and greater variability (on the order of 3‰) after 4.1 ka.
The most notable feature among these records is that they all show increased variability after 4.1 ka ( Figure 5 ), coincident with major changes in magnetic susceptibility. The largest variations occur from 3.9 to 3.6 ka, 2.6 to 2.1 ka, 1.9 to 1.8 ka, 1.6 to 1.2 ka, and 0.4 to 0.2 ka (shaded in Figure 5 ). During these periods, magnetic susceptibility increases, C/N values generally increase, and δ 13 C values are more positive, except for the interval from 0.5 to 0.3 ka. TOC values show sharp decreasing trends from 3.9 to 3.6 ka, 2.7 to 2.5 ka, and 0.5 to 0.2 ka, but similarly distinct increasing trends 1.9-1.8 ka and 1.5-1.3 ka.
The trends in bulk organic matter properties in Flower Valley Lake indicate changes in the source and delivery of organic matter to the lake and provide evidence for changes in DIC during the Holocene. Organic matter in lakes can be derived from terrestrial and aquatic sources and used to reconstruct characteristics of landscape vegetation, aquatic organisms, or changes in the relative input from each source (Meyers, 2003) . TOC can indicate changes in primary productivity in the lake driven by nutrient availability, lake water temperature, or the input of terrestrialderived organic matter. The TOC content can also be influenced by dilution from the input of clastic sediment. C/N provides information on the relative proportion of aquatic-versus terrestrialderived organic matter. C/N values between 4 and 10 are typical of lake algae whereas higher C/N values can be attributed to a greater contribution by terrestrial plants (Meyers, 2003) . δ 13 C 
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The Holocene 23 (10) values can indicate changes in aquatic productivity, because of the preferential use of the lighter 12 C by algae during photosynthesis, but can also indicate changes in the δ 13 C dissolved inorganic carbon (DIC) available to algae. Lacustrine algae and C 3 land plants typically have δ 13 C values in the range of −25‰ to −30‰ (Meyers, 2003) .
In Flower Valley Lake, during the early part of the record (8.8-4.1 ka), C/N values indicate the organic content is from a mix of terrestrial and aquatic sources and show only small fluctuations in their relative contributions. Large variations in TOC from 8.8 to 7.5 ka show changes in the input of organic carbon from both sources. After 4.1 ka, the sharp increases in C/N show periods with greater terrestrial input. The coincident peaks in magnetic susceptibility show that these intervals are also characterized by greater clastic input and the corresponding decreases in TOC indicate dilution by clastic sediment. Peaks in δ 13 C values also likely reflect terrestrial-sourced organic matter, while the long-term decline in δ 13 C can be attributed to a gradual change in the δ 13 C of lake water DIC used by aquatic photosynthetic organisms. A progressive increase in vegetation cover and soil development in the catchment following deglaciation would have promoted more recycling of carbon and led to a decrease in the δ 13 C values of DIC delivered to the lake. This, in turn, would have caused δ 13 C values of aquatic organic matter to decrease. Periodic inputs of terrestrial plants are reflected as deviations from this trend toward higher δ 13 C values.
Composition and sources of sedimentary n-alkanes
The hydrocarbon fraction is composed of C 16 to C 33 n-alkanes with a strong odd-over-even preference (CPI = 3.3 to 8.9), which is typical of organic matter from terrestrial higher plants ( Figure  6 ). The dominant homologues are n-C 29 and n-C 31 and ACL ranges from 27 to 30 (Figure 7) . Short-chain n-alkanes (C 16 -C 20 ) are present in most samples at very low concentration (<0.6 µg/g dry sediment). There are two distinct covariation trends in the n-alkane concentrations in Flower Valley Lake: one among the n-C 29 -C 33 alkanes (Figure 7a ) and one among the n-C 21 -C 27 alkanes (Figure 7b) . n-C 29 -C 33 show minor variations from 8.6 to 4.1 ka and distinct peaks at 3.9 ka and 1.8 ka, coincident with increases in C/N, and δ 13 C values (Figure 7a) . n-C 21 -C 27 alkanes show changes in concentration similar to trends in TOC during the earliest part of the record, with high concentration from 8.3 to 8.0 ka followed by a decrease c. 7.7 ka (Figure 7b ). There are only minor changes in concentration of n-C 21 -C 27 from 7.7 to 3.9 ka, after which time variability increases. Increases in ACL and CPI correspond to higher concentrations of n-C 29 -C 33 (Figure 7c ). The CPI also has a long-term decreasing trend, similar to that exhibited by δ 13 C ( Figure 5 ). There is a significant correlation between the two parameters (R 2 =0.6), showing a relationship between δ 13 C and the decrease in the odd-over-even preference of the n-alkanes (Figure 8) .
n-alkanes are produced by algae, photosynthetic bacteria, and aquatic plants living in the lake, as well as terrestrial plants living within the lake's catchment (Meyers, 2003) . n-alkanes with shortchain lengths, C 15 -C 19 , are typically produced by algae and photosynthetic bacteria (Cranwell et al., 1987 , Meyers, 2003 . C 23 and C 25 n-alkanes have been found to be the dominant chain length for submerged and floating macrophytes (Ficken et al., 2000; Hou et al., 2006) , and chain lengths longer than C 25 typically derive from terrestrial vascular plant leaf waxes (Cranwell et al., 1987; Eglinton and Hamilton, 1967; Meyers, 2003) .
The distinct covariation trends among the n-C 29 -C 33 ( Figure  7a) and n-C 21 -C 27 alkanes (Figure 7b ) suggest that these groups of n-alkanes derive from different sources. We attribute the midchain length n-alkanes to aquatic macrophytes and the longerchain length compounds to terrestrial vascular plants; however the n-C 27 alkane shows more similarity to the mid-chain homologues, suggesting significant contribution from macrophytes. The similar trends among C/N values, ACL, and δ 13 C values (Figure 8 ) support this interpretation of n-alkane source for this record. The correlation among these variables is best explained by variations in the relative amount of terrestrial organic matter input to the lake. Derivation from different plant communities also helps explain the different trends observed in the n-alkane δD records (Figure 7d ).
D of n-alkanes
δD values of n-C 25 and n-C 27 (δD 25 and δD 27 ) range from −172‰ to −212‰. δD values of n-C 29 and n-C 31 (δD 29 and δD 31 ) range from −198 to −214‰ (Figure 7d) and have low variance and identical Holocene means (−204 ± 3‰ and −205 ± 3‰, respectively; Figure 7d ), suggesting they are sourced from the same terrestrial plants. Holocene means of δD 25 and δD 27 (−191 ± 9‰ and −194 ± 4‰, respectively) are more positive (D-enriched) relative to δD 29 and δD 31 , and show a steady decrease from 8.5 to 4.1 ka. δD 25 decreases from −172‰ to −193‰, and δD 27 from −184‰ to −194‰ across this interval. δD 27 values are intermediate between those of the long-chain (δD 29 and δD 31 ) and mid-chain (δD 25 ) homologues for the majority of the record, suggesting sedimentary n-C 27 contributions from both terrestrial plants and aquatic macrophytes.
δD values of long-chain n-alkanes (δD wax ) reflect δD of water used by terrestrial vegetation after modification by biosynthetic processes (Sachse et al., 2012 and references therein) . Soil moisture provides the source water for terrestrial plants, while lake water is the source for aquatic macrophytes and algae. δD of water in soils can be modified to some extent from δD of annual precipitation by evaporation. However, it has been shown that δD wax is unaltered by plants following leaf formation and therefore reflects δD water used during leaf flush (Kahmen et al., 2011; Sachse et al., 2010; Tipple et al., 2013) . In the Arctic, the majority of leaf formation takes place in late spring/early summer following the return of appreciable sunlight. Because snowmelt is the predominant water source available to plants at the time of leaf formation, the δD wax is potentially biased toward wintertime δD p (i.e. snowfall months). In Tasiilaq, the difference between precipitation-weighted annual average δD p (−92‰) and precipitationweighted average δD p during months with below zero average temperatures (October-April; −96‰) is negligible (Bowen, 2008; Cappelen et al., 2011) , and thus, any changes in the timing of leaf formation during the Holocene, or in the seasonality of precipitation, are unlikely to have had much impact on δD wax .
Surface waters tend to be isotopically enriched (i.e. have a more positive δD) relative to precipitation, which has been shown for numerous locations in the Arctic (Gibson et al., Figure 6 . Average concentration of C 21 -C 33 n-alkanes. Leng and Anderson, 2003) . The extent of isotopic enrichment of surface waters from meteoric water is determined by the degree of evaporative enrichment of the water body (Leng and Anderson, 2003) . Therefore, δD wax tracks δD p and the δD of lipids produced by aquatic plants (δD aq ) tracks the degree of evaporative isotopic enrichment of lake water from meteoric water. δD p can be estimated from δD wax using the relationship:
where ε app is the apparent isotopic fractionation of δD between precipitation and leaf wax (note that a factor of 1000 would need to be added to this equation for δD wax and ε app values reported as per mil). Using −205‰ as the average δD for long-chain alkanes (both C 29 and C 31 ) and the empirically derived value of −121‰ for ε app (Sachse et al., 2012) , we derive the value −95‰ for δD p . This estimate falls within the range of δD p reported from the closest GNIP station at Groennedal (−42 to −134‰) during the 1960s (IAEA/ WMO, 2006) and is very close to the precipitation-weighted annual average δD p of −92‰ and the precipitation-weighted October-April (freezing months) average δD p of −96‰, determined using interpolated GNIP data (Bowen, 2008) and Tasiilaq meteorological data (Cappelen et al., 2011) . We note that the largest source of uncertainty in estimating δD p from δD wax is the uncertainty in ε app between precipitation and leaf wax (ε app = −121‰, 1σ = 32‰, n = 316; Sachse et al., 2012) . The large variance in published ε app values likely stems from (1) the poor constraint on δD p values used to determine ε app , and (2) differences in the evaporative isotopic enrichment (in soils and leaves) of source water from precipitation across the large geographical range represented in the modern data set. Much more work is needed to constrain ε app for individual plant types and geographical locations, particularly in the Arctic, where there are no available ε app data; however, the large uncertainty in ε app from the global data compilation (Sachse et al., 2012) and the observed differences among vegetation types (Feakins and Sessions, 2010; Hou et al., 2007) do not pertain to sedimentary deposition at a single location through time. Therefore, in the following discussion we ignore the uncertainty in ε app when applying the mean ε app value of −121‰ to estimate past δD p . (4)
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The Holocene 23 (10) The lack of downcore variability in δD 29 and δD 31 indicates that there has been very little change in the isotopic composition of precipitation used by terrestrial plants in the region during the past c. 8.9 ka (Figure 7d ). The relatively D-enriched values (more positive δD) of δD 25 and δD 27 are consistent with our interpretation that these compounds reflect isotopically enriched lake water. The evaporative isotopic enrichment of lake water can be represented as the apparent isotopic enrichment of lake water-derived lipids from precipitation (ε aq-p ) according to the relationship: We interpret changes in ε aq-p through time as variations in the evaporative isotopic enrichment of lake water. We note that changes in biosynthetic D/H fractionation by aquatic plants and algae could also impact ε aq-p , but we dismiss this mechanism because there is no evidence for major ecological changes during this time period. Using measured δD 25 values for δD aq , and δD 29 values to derive δD p estimates (as described above) we developed a c. 8.9 ka record of ε aq-p . We find ε aq-p is greatest in the early part of the record (beginning c. 8.6 ka), suggesting this was the time of greatest evaporative enrichment of lake water (Figure 9 ). From 8.6 to 4.1 ka, a steady decrease in δD 25 results in a decrease in ε aq-p from −86‰ to −108‰, and we interpret this as decreasing summertime lake water evaporation. ε aq-p remains fairly low after 4.1 ka, with an average value of −114‰, suggesting that this interval was characterized by reduced evaporative enrichment of lake water relative to the period 8.9-4.1 ka. We also note an interval of highly variable ε aq-p , which encompasses the lowest ε aq-p values and therefore the lowest inferred lake water evaporation, from 3.0 to 1.8 ka. In summary, the δD records reveal that lake water evaporation was highest at the time of deglaciation of Flower Valley (c. 9 ka), and gradually decreased between 8.5 and 4.1 ka toward present values.
Regional paleoclimate implications
Holocene climate in the Arctic is characterized by multimillennial-scale trends primarily driven by changes in high latitude summer insolation, which peaked during the early Holocene (12-10 ka) and gradually declined during the mid to late Holocene (Kaufman et al., 2004; Miller et al., 2010) . Around Greenland, the early Holocene is marked by continued retreat of the ice sheet from the continental shelf onto land and into local fjords c. 11-7 ka (Funder et al., 2011b) . Maximum summer temperatures were not reached until c. 9-5 ka, because of the cooling influences of the retreating Greenland and Laurentide Ice Sheets on regional oceanic and atmospheric circulation (Kaplan and Wolfe, 2006; Kaufman et al., 2004) . Ice-core temperature reconstructions based on oxygen isotopes from the Greenland Ice Sheet indicate temperatures were 2-3°C warmer from 9 to 6 ka (Vinther et al., 2009) . The Holocene Thermal Maximum was followed by the late-Holocene Neoglacial period, which is characterized by colder conditions and the readvance of the Greenland Ice Sheet c. 5 ka (Funder et al., 2011b) . Our record from Flower Valley Lake helps characterize the terrestrial response to Holocene climate changes in southeast Greenland.
The onset of organic sedimentation in Flower Valley Lake, c. 8.4 ka, marks the complete deglaciation of the catchment. In southeast Greenland, the retreat of the ice sheet from the continental shelf onto land is only constrained by evidence from outer coastal areas Roberts et al., 2008) . Deglaciation is dated between 11.1 and 9.7 ka based on surface exposure dating near the mouth of Sermilik Fjord and to between 11.0 and 9.5 ka, based on the onset of organic sedimentation in lakes above the marine limit just east of Ammassalik Island . The record from Flower Valley Lake (c. 8.4 ka) indicates that a small glacier lingered in the cirque above the lake after large fjord glaciers retreated from these outer coastal areas showing a progressive retreat of ice to higher elevations in local valleys.
Initial organic sedimentation in Flower Valley Lake following deglaciation, 8.4-7.0 ka, reflects early lake ontogeny and unstable catchment conditions. This interval is characterized by large (5) amplitude variation in TOC, enriched δ 13 C values, a peak in concentration of mid-chain length n-alkanes, and the presence of dominantly small benthic diatom assemblages. These properties indicate fluctuations in clastic input, poorly developed soil cover, and reduced autochthonous organic matter production (Figures 4, 5, 7) . Postglacial landscape development and the timing of the initial establishment of soil and vegetation in the region varied, which can be attributed to local hyrodologic and geomorphic factors. Pollen and sedimentological data from small lakes on the west coast of Ammassalik Island indicate early growth of herbs and other postglacial pioneering plants, followed by the appearance of Empetrum heaths and Salix herbacea c. 9.5 ka (Jakobsen et al., 2008) . Bick (1978) dated the onset of peat formation in a mire near the village of Tasiilaq to 5905 ± 65 14 C yr BP (6.7 cal. ka BP), although this may have been the result of a change in local hydrologic conditions and stagnation of water.
Over the last 8.4 ka, the Flower Valley Lake record is marked by two distinct phases of sedimentation. From 8.4 to 4.1 ka, our data show warmer and/or drier climate conditions relative to the last 4.1 ka. Higher ε aq-p values indicate greater evaporative enrichment of lake water from 8.4 to 4.1 ka and bulk biogeochemical parameters show that sedimentation was primarily controlled by autochthonous productivity (Figure 9 ). After 4.1 ka, the Flower Valley Lake record shows a shift to persistent wetter or colder conditions marked by an increase in the delivery of terrestrialderived sediment and a decrease in the evaporative enrichment of the lake inferred from ε aq-p (Figure 9 ). ε aq-p values fluctuate about a mean value during this interval, with the lowest inferred lake evaporation from 3.0 to 1.8 ka, and bulk biogeochemical parameters and concentrations of n-alkanes show periodic input of sediment and organic matter from the catchment.
During the mid Holocene, higher insolation and warmer summer temperatures associated with the regional Holocene Thermal Maximum likely resulted in longer ice-free periods promoting greater evaporation of Flower Valley Lake. The period of greatest evaporative enrichment, c. 8.6 ka, and the progressive decline in ε aq-p from 8.4 to 4.1 ka correspond with the decreasing trend in insolation from the mid to late Holocene (Figure 9 ). The timing of these drier conditions generally correspond with warmer atmospheric and oceanic temperatures during the regional Holocene Thermal Maximum. Maximum Greenland Ice Sheet temperatures occur from 9 to 6 ka (Vinther et al., 2009) , and paleoceanographic data from the southeast Greenland margin indicate warmer sea-surface temperatures from c. 8.5 to 3.5 ka (Andersen et al., 2004; Andrews et al., 1997; Jennings et al., 2011) . Diatom-based SSTs in the East Greenland Current indicate the warmest period from 8.5 to 6.5 ka (Andersen et al., 2004) . Foraminiferal data show that the warmest interval of the Holocene was 8.1-3.5 ka with a peak in temperatures from 8.1 to 7.1 ka (Jennings et al., 2011) and the interval from 8 to 6 ka is also marked by reduced ice rafting along the east Greenland margin (Andrews et al., 1997) . Oceanographic changes are attributed to the increased influence of Irminger Current and a weakening of the East Greenland Current (Jennings et al., 2011) .
The continued decline of insolation during the late Holocene led to colder summer temperatures and possibly longer periods of seasonal ice cover at Flower Valley Lake, which likely contributed to a reduction in evaporative enrichment. This was accompanied by the onset of periodic increases in surface runoff, which may have also been the result of colder temperatures and more intense spring melt of accumulated snow. These inferred changes agree with sedimentological and palynological evidence from small lakes on the west coast of Ammassalik Island that indicate longer periods of ice cover and increased snow cover on the landscape beginning c. 4.5 ka (Jakobsen et al., 2008) . Changes across the transition from the mid to late Holocene have also been observed in other terrestrial environments in southern and western Greenland, where lake level, macrofossil, stable isotope, and sedimentological data show a shift to wetter conditions and increased surface runoff, c. 6-4 ka (Aebly and Fritz, 2009 Figure 9 . Comparison of the records of aq-p (apparent isotopic fractionation between reconstructed precipitation and aquatic lipids; error bars are propagated ±1 standard deviations) and magnetic susceptibility from the Flower Valley Lake with July insolation anomalies (Berger and Loutre, 1991) and a Holocene temperature reconstruction for the Greenland Ice Sheet (Vinther et al., 2009 ).
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The Holocene 23(10) Figure 10 . Comparison of the timing of late-Holocene runoff events interpreted from the Flower Valley magnetic susceptibility record to cold periods in reconstructed Greenland surface temperatures over the last 4 ka (Kobashi et al., 2011). 2012a). Other evidence for the onset of colder conditions associated with the transition to the late-Holocene Neoglacial period occurs slightly later. Marine records indicate an increase in the influence of polar waters on the East Greenland Current and a decrease in strength of the Irminger Current c. 3.6-3.0 ka (Andersen et al., 2004; Andresen et al., 2012; Jennings et al., 2011) and lake sediment records from southern Greenland indicate the onset of colder conditions c. 3.7-3.0 ka (Andresen et al., 2004; Kaplan et al., 2002) . There are also similarities in the timing of the intervals of increased surface runoff in Flower Valley Lake and cold periods identified in Greenland Ice Sheet temperatures over the last 4 ka ( Figure 10) (Kobashi et al., 2011) . The most distinct cold periods in the Kobashi et al. (2011) reconstruction of Greenland temperatures, based on the analysis of nitrogen and argon isotopes of trapped air in ice cores, correspond with runoff events inferred from peaks in magnetic susceptibility. There are minor discrepancies in the timing of events, but they are within the uncertainty of our chronology and indicate the potential response of Flower Valley Lake to centennial-scale regional climate changes.
Conclusions
Biogeochemical analysis of a sediment record from Flower Valley Lake shows a distinct hydrologic change across the transition from the mid to late Holocene in southeast Greenland. The record shows warmer and drier conditions during the early to mid Holocene, 8.4-4.1 ka, and colder and/or wetter conditions after 4.1 ka. These interpretations are based on bulk biogeochemical data and the concentration and isotopic composition of sedimentary n-alkanes, which indicate changes in the source of organic matter delivered to the lake and the relative evaporative enrichment of lake water. Warm and dry conditions from 8.4 to 4.1 ka were in response to higher summer insolation and sea-surface temperatures along the southeast Greenland margin corresponding with the regional Holocene Thermal Maximum. Colder and wetter conditions after 4.1 ka are associated with the late-Holocene Neo-glacial period, when insolation was declining and the East Greenland Current had a stronger influence on the region.
